The structures of Helicobacter pylori (HPC) and Penicillium vitale (PVC) catalases, each with two subunits in the crystal asymmetric unit, oxidized with peroxoacetic acid are reported at 1.8 and 1.7 Å resolution, respectively. Despite the similar oxidation conditions employed, the iron-oxygen coordination length is 1. 
Introduction
Heme containing catalases are present in almost all aerobically respiring organisms. 1 They play critical roles in protecting the cell against the toxic effects of hydrogen peroxide (H 2 O 2 ) by degrading it to water and oxygen:
The ubiquity of the enzyme and the easy availability of substrates (H 2 O 2 and alkylhydroperoxides) have made catalases the focus of many biochemical and molecular biology studies over the years. 2 It is generally accepted that the "catalatic reaction" occurs in two steps. In the first step (reaction 2), the Fe III -heme reacts with H 2 O 2 cleaving it such that one of the peroxide oxygen atoms becomes water and the second becomes coordinated to the iron to form compound I (Cpd I). Two electrons are removed from the heme in this process, one from the iron atom, which becomes Fe IV , and the second from the porphyrin, which acquires cation radical character producing a spin state for Cpd I of S ) 3 / 2 (three unpaired electrons). 1, 3, 4 (1) Nichols, P.; Fita, I.; Loewen, P. C. Enzymology and structure of catalases.
In AdVanced Inorganic Chemistry; Sykes, A. G., Mauk, G., Eds.; Academic Press: New York, 2001; Vol. 51, pp 51-106. 
In the second step (reaction 3), Cpd I reacts with another molecule of H 2 O 2 and the enzyme returns to the resting state 5 with the axial oxygen atom becoming water and both oxygen atoms of the O 2 molecule originating from the peroxide.
At low H 2 O 2 concentrations and in the presence of some organic electron donors, compound I may undergo a oneelectron reduction to form compound II (Cpd II). In this process, the porphyrin accepts one electron, thus losing its radical character, and the spin state becomes S ) 1 (i.e., two unpaired spins). 1, 6 Cpd II of bovine liver catalase (BLC) can subsequently be converted to an inactive form of the enzyme, compound III, in a reaction with another molecule of hydrogen peroxide. 7 The protonation state of Cpd II in heme-containing proteins (peroxidases, catalases, and myoglobin) has recently received considerable attention, [8] [9] [10] [11] [12] [13] [14] [15] and the consensus is that Cpd II of several heme-containing proteins bears a hydroxoferryl moiety instead of the traditional oxoferryl group:
Cpd I, the only intermediate of the catalatic reaction (reactions 2 and 3), was first detected by Chance in 1947 upon reaction of native BLC with peroxoacetic acid. 16 A decrease of the Soret band and the shift in the charge-transfer band between 600 and 700 nm in the UV absorbance spectrum along with a characteristic green color constitutes the signature of Cpd I. 1 ENDOR experiments of Micrococcus lysodeikticus catalase Cpd I (MLC-I) showed that its electronic structure can be described in terms of a S ) 3 / 2 oxoferryl (FedO) moiety in a ferromagnetic interaction with a porphyrin π-cation radical, 3 similar to the situation in Proteus mirabilis catalase (PMC). 17 It has also been shown that, when reacting the enzyme with peroxoacetic acid at 0°C, BLC forms first the typical porphyrin-based radical followed by one electron transfer from a residue in the protein, giving rise to the oxoferryl-tyrosyl radical intermediate. 18 The latter species has been often denoted compound II *19,20 (Cpd II * ) because its spectral features are similar to Cpd II. However, use of the Cpd II * notation introduces an element of structural ambiguity because it implies the loss of only one electron from the native protein (i.e., only one oxidation equivalent above the resting state of the enzyme), whereas overall the protein-heme complex has lost two electrons, as in the classic Cpd I. Hereafter we will use the notation of Cpd I * . 21 Migration of the porphyrin radical into the protein has also been detected in other hemecontaining proteins such as cytochrome c peroxidase (CcP), 22b the catalase-peroxidases (KatG), 23 ,24 myoglobin (Mb) 25 and cytochrome P450. 26 Even though it is generally assumed that Cpd I contains an oxoferryl (FedO) moiety, recent crystallographic structures suggest that Cpd I of CcP, 22a MLC, 28 and BpKatG 23 have longer than expected Fe-O bond lengths (∼1.9 Å) ( Table 1 ) consistent with a hydroxoferryl group similar to that characterized in Cpd II of myoglobin. 27 In all these cases, a protein radical appears to be formed, suggesting that there could be a correlation between protonation of the oxoferryl unit (thus lengthening of the Fe-O bond) and formation of Cpd I * . This is also consistent with Cpd I * being isoelectronic with Cpd II in the hydroxoferryl heme. In other words, electron transfer to the porphyrin, regardless of whether the electron is exogenous or endogenous, facilitates protonation of the oxoferryl group.
Determination of the structures of reaction intermediates of peroxidases and, presumably, catalases can be complicated by their photoreduction during X-ray irradiation 8 Enz (Por-Fe
Cpd I can explain the longer Fe-O distances found in some X-ray-determined Cpd I structures. For example, horseradish peroxidase Cpd I was found to be particularly radiation sensitive, with a third of it being converted to Cpd II after collection of just 8 degrees of data. 8 However, the propensity for reduction to Cpd II varies considerably among catalases. Cpd I of heme d-containing catalases 34 (Figure 1 ) apparently are not reduced by ferrocyanide treatment, whereas Cpd I of heme b-containing catalases such as BLC are converted easily to Cpd II 34 under the same conditions. Therefore, if either the presence of Cpd I * or the reduction of Cpd I to Cpd II is the major explanation of longer Fe-O bond lengths, the heme d-containing catalases may be found with predominantly short Fe-O bond lengths. For heme b-containing enzymes the outcome may vary depending upon the differences in the ease of Cpd I * or Cpd II production and the experimental conditions for diffraction data collection. The lack of high-resolution structures of oxidized catalase intermediates makes it difficult to verify these predictions. The only structure reported for catalase Cpd I is that of PMC 33 which shows a refined Fe-O distance of 1.76 Å, intermediate between a FedO double bond and a Fe-OH single bond. Unfortunately, the low resolution of 2.5 Å and use of restraints precludes drawing firm conclusions. The 2.0 Å structure of MLC after oxidation with peroxoacetic acid exhibits a Fe-O bond length of 1.87 Å, 28 indicative of a hydroxoferryl group, and this was attributed to the formation of Cpd II. Nevertheless, the apparent conversion of Cpd I to Cpd II in MLC occurred spontaneously in the absence of added reducing agent and before exposure to X-rays, suggesting that Cpd I * and not Cpd II was present in the sample. Within the framework of our structure and function studies of catalases, we report here the structure of oxidized catalase intermediates generated by peroxoacetic acid treatment of heme b-containing HPC and heme d-containing PVC at 1.8 and 1.7 Å resolution, respectively. Interpretation of the structures is complemented by QM/MM density functional theory calculations with the objectives of (i) helping to assign a protonation state of the active site and (ii) elucidating the electronic changes caused by the heme modification (Figure 1 ).
Experimental Section
Crystallization and Data Treatment of HPC. The HPC protein analyzed in this work was expressed from plasmid pSO100 35 in the catalase deficient E. coli UM255. 36 Crystallization was as previously described 37 at room temperature by the vapor diffusion hanging-drop method at a protein concentration of about 6 mg/mL over a reservoir containing 15% PEG MME 550, 0.1 M sodium citrate pH 5.6, 10 mM ZnSO4. Before flash cooling in liquid nitrogen the crystals were soaked for 1 to 2 min at 20°C in a solution of the cocrystallization buffer, pH 5.6, supplemented with 100 mM peroxoacetic acid. During soaking, the HPC crystals changed from brown to red in color within seconds ( Figure S1 of the Supporting Information), indicative of a reaction intermediate being formed. After a 2 min soak, the crystal was flash cooled and kept at 100 K, and diffraction data were collected using synchrotron radiation at the BM16 beam line (Grenoble, France) at a wavelength of 0.97 Å. As before, crystals were orthorhombic, space group P2 1212 with two subunits in the crystal asymmetric unit. Diffraction data were obtained from crystals cooled with a nitrogen cryo-stream giving unit cell parameters of a ) 64.3, b ) 154.5, and c ) 95.8 Å and R, , γ ) 90.0°. The diffraction data set was processed using the program MOSFLM 38 and scaled with the program SCALA.
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There was 5% of the measured reflections in every data set reserved for R free monitoring during automatic refinement ( Helicobacter pylori and Penicillium vitale Catalases A R T I C L E S completed using the program REFMAC 41 in which all hydrogens were generated during refinement and manually processed with the graphics program O.
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Crystallization and Data Treatment of PVC. PVC was purified 43 and crystallized 44 as previously described by the hanging-drop vapor diffusion method against a precipitant solution of 38% MPD and 50 mM sodium acetate buffer pH 5.2. Droplets of 10 µL containing 25-30 mg mL -1 protein solution in the same buffer were mixed before crystallization with an equal volume of precipitant solution. Crystals belong to space group P3 1211 and have unit cell dimensions a ) b ) 144.4 and c ) 133.8 Å with two subunits of the tetramer molecule in the asymmetric unit. A PVC crystal was soaked for 2 min in a solution containing 125 mM peroxoacetic acid, 40% MPD, 1 mg/mL PVC, and 0.05 M sodium acetate pH 5.2. During soaking, the crystal changed in color from brown to green suggesting that Cpd I formation had occurred. After a 2 min soak, the crystal was flash cooled and kept at 100 K, and diffraction data were collected using synchrotron radiation at the BW7B beam line (EMBL, Hamburg) at a wavelength of 0.89 Å. The peroxoacetic acid soak solution was prepared by adjusting the pH to 5.2 with a small amount NaOH and adding 1 mg/mL of PVC to remove any hydrogen peroxide present in the peroxoacetic acid. Data were processed using DENZO and SCALEPACK. 45 The model of native PVC 44 was used as the starting model for refinement using REFMAC 42 and manually processed with the graphics program O. 42 Data collection and refinement statistics are provided in Table 2 .
Structure factors and coordinates have been submitted to the protein data bank as 2IQF for HPC Cpd I and 2IUF for PVC Cpd I. Figures were prepared using either SETOR 46 or VMD.
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Spectroscopic Analysis. Solutions of 5 µM HPC, PVC, or BLC were treated in 0.1 M sodium citrate buffer pH 5.6 with 1 mM peroxoacetic acid for 1 min at 20°C. Absorption spectra were obtained using a Milton Roy MR3000 diode array spectrophotometer. A fresh solution of 100 mM peroxoacetic acid was pretreated with 4 µM BLC for 1 h to remove any H2O2 prior to a 1:100 dilution with the three enzymes.
Force-Field MD Simulations. Before starting the QM/MM simulations, a classical molecular dynamics simulation was performed to equilibrate tetrameric HPC and a truncated form of PVC lacking the C-terminal flavodoxin-like domain in each of the four subunits. For protein residues, the Cornell et al. force-field, 48 as implemented in the AMBER 7.0 program, 49 was used. For heme b in HPC, the parameters of Banci et al. were used, 50 and for the cis-hydroxy-γ-spirolactone heme d in PVC the parameters from GAFF in the AMBER package were used. 49 A renormalization of the charges is needed to reproduce the formal oxidation states of the iron atom (+4) and the ligands (-1 and -2 for the porphyrin in Cpds I and II, respectively; -2 for the axial oxygen atom of the oxoferryl unit; and -1 for the OH ligand). For oxidized heme b, the charges reported previously for a heme b based Cpd I were used. 51 In the case of heme d, the charges were obtained from a CPMD gas-phase calculation of the prosthetic group and the proximal tyrosinate and arginine. Conventional (pH ) 7) protonation states were chosen for all residues. The protonation state of the histidine residues took into account their hydrogen bond environment, and all aspartates and glutamates were taken as deprotonated to carboxylate anion, except when there was a close contact between two acidic residues. The proximal tyrosines (339 in HPC and 351 in PVC) were taken as deprotonated. Four sodium ions per subunit of HPC and seven per subunit of PVC were added to achieve neutrality of the protein structure. The system was enveloped in a box of equilibrated TIP3P water molecules with volume 104 Å × 119 Å × 121 Å for HPC and 120 Å × 119 Å × 144 Å for PVC. The total size of the system is 128856/178558 atoms, respectively, (31856/32443 protein and heme atoms + 97000/146115 water and counterion atoms). The system was equilibrated in several steps. First, all water molecules and counterions were relaxed with a gradient minimizer, and then the protein was also minimized. Because of the enormous size of the protein, only the first subunit was allowed to move, and the other three were fixed. Next, the solvent was equilibrated for 40/80 ps at 150 K (protein constrained), and again the first subunit was equilibrated at the same temperature for another 40/80 ps. Once the whole system was at 150 K, it was equilibrated at 300 K for 280/233 ps, again coupling a bath to achieve the desired temperature. The simulation was continued for about one nanosecond at constant pressure, allowing the cell volume to evolve until equilibration. The structure after MD simulation did not change significantly with respect to the initial X-ray structure. Analysis of the trajectories was carried out using standard tools of AMBER. 49 Hybrid QM/MM Calculations. Once the system was equilibrated, QM/MM simulations were initiated. Because of the enormous size of the protein, the calculations were performed on a reduced model consisting of all residues within 20 Å from the heme iron. This corresponds to a sizable protein fragment (4141 and 4986 atoms, respectively, in HPC and PVC) and it is expected to account for all the relevant heme-protein interactions affecting the electronic structure at the active center. Figure S2 (Supporting Information) shows the QM/ MM partition used in the calculation which included the iron-porphyrin with its methyl and vinyl groups and the cis-hydroxy-γ-spirolactone in heme d, the phenolate side chain of the proximal Tyr339/351, and the methylguanidinium side chain of Arg335/347, which is hydrogen bonded to the phenolate oxygen atom of Tyr339/351. Previous work demonstrated that both Tyr339/351 and Arg335/347 influence significantly the structure and ligand properties of the heme. 52 On the distal side of the heme, the catalytic residues (Asn129/137 and His56/64, modeled by methylimidazole and ethylamide, respectively), the water molecule coordinated by histidine and asparagine, and the side chain of Ser95/103, which interacts with its Nδ-H of His56/64, were included. Two additional conserved water molecules hydrogen bonded to the distal residues Asn129/137 and Ser95/103 were also included. The rest of the system was treated with the AMBER force field. 49 Four different configurations for the heme-ligand bonds were considered (Scheme 1). The first was the traditional oxoferryl configuration (Por •+ -Fe IV dO) which corresponds to a neutral system with a total spin S ) 3 /2, labeled Ia. The second and third were two protonated forms of Ia, Por
•+ -Fe IV dO‚‚‚His-H + , labeled Ib, and Por
The total spin of these systems is the same as in Ia (S ) 3 /2), but they bear a positive charge in the form of a proton either on the distal histidine or on the oxo ligand. Finally, the system resulting from migration of the radical to the protein (Por-Fe IV -OH, AA
•(+) ) was considered, but the huge QM region covering all tyrosine and tryptophan residues close to the heme was beyond our computational capabilities. However, as mentioned in the introduction, Por-Fe IV -OH, AA
, is isoelectronic with Cpd II on the hydroxoferryl heme. Therefore, we modeled this intermediate using the same active-site electronic state as for Cpd II (i.e., a triplet spin state). Protonation of the oxoferryl unit was considered since Cpd II is generally assumed to be protonated at neutral pH. 9,10,14 As mentioned in the introduction, we use the notation I * to refer to the Por-Fe IV -OH, AA •(+) intermediate, since there are two oxidation equivalents missing from the proteinheme unit, the same as in Cpd I. Hybrid QM/MM optimizations, with no symmetry constraints, were performed for each of the four species Ia, Ib, Ic, and I * . The method developed by Laio, VandeVondele, and Röthlisberger 53 combining the first principles molecular dynamics method of Car and Parrinello (CPMD) 54 with a force-field molecular dynamics methodology (i.e., QM/MM CPMD) was used. Previous work has demonstrated the reliability of the QM/MM CPMD method in the description of structural, energetic, and dynamic properties of systems of biological interest, including hemeproteins. 10, 52, 55 In this approach, the system is partitioned into a QM fragment and a MM fragment. The dynamics of the atoms on the QM fragment depend on the electronic density, F(r), computed with DFT, while the dynamics of the atoms on the MM fragment are ruled by an empirical force field. The QM-MM interface is modeled by the use of a link atom pseudopotential that saturates the QM region. 56 Seven link atoms were used, located at Asn129/137, His56/64, Ser95/103, Tyr339/351, Arg335/ 347, and the two heme b or the one heme d propionates ( Figure S2 of the Supporting Information). The electrostatic interactions between the QM and MM regions are handled via a fully Hamiltonian coupling scheme 53 where the short-range electrostatic interactions between the QM and the MM regions are explicitly taken into account for all atoms. An appropriately modified Coulomb potential was used to ensure that no unphysical escape of the electronic density from the QM to the MM region occurs. The electrostatic interactions with the more distant MM atoms are treated via a multipole expansion. Bonded and van der Waals interactions between the QM and the MM region are treated with the standard AMBER force field. 49 Long-range electrostatic interactions between MM atoms have been described with P3M implementation 57 using a 64 × 64 × 64 mesh. The Kohn-Sham orbitals were expanded in a plane wave basis set with the kinetic energy cutoff of 70 Ry. Ab initio pseudopotentials, generated within the TroullierMartins scheme, 58 were used. Two types of pseudopotentials for the iron atom were tested for the Por •+ -Fe IV dO, Por
•+ -Fe
IV
-OH + and Por-Fe IV -OH systems in HPC: the eight valence electrons pseudopotential already used in previous works 10,52,59 supplemented with nonlinear core corrections (NLCC) 60 and a 16 valence electrons pseudopotential. Only slight changes in the FedO and Fe-OTyr distances were found ((0.02, and (0.03 Å, respectively), and the same trends were observed. Therefore we used the eight valence electrons pseudopotential with NLCC for all systems. The calculations were made using the generalized gradient-corrected approximation of the spindependent density functional theory (DFT-LSD), following the prescription of Becke and Perdew. 61 The QM system was enclosed in an isolated supercell of size 15341 × 21160 × 20102 Å 3 /22483 × 18780 × 18515 Å.
3 Structural optimizations of all reaction intermediates (Scheme 1) were performed by means of molecular dynamics with annealing of the atomic velocities, until the maximum component of the nuclear was lower than 10 × 10 -05 au. Short CPMD simulations (1 ps) for the oxoferryl forms (PVC-Ia and HPC-Ia) were performed to analyze the changes in the spatial distribution of the spin density owing to the thermal motion. A time step of 0.12 fs and a fictitious electronic mass of the CP Lagrangian of 700 au were used. Further details on the QM/MM methodology used here can be found in ref 53.
It might be argued that the use of the QM/MM methodology for this problem could be avoided, because the Fe-O distances are already well reproduced using small iron-porphyrin models. 9-11,13-5a,31,32 In fact, large active site models are often used with success to study enzymatic reaction cycles. 62 In our case, however, this was found not to be the case. Test calculations in some of the species considered (e.g., PVC-Ia and PVC-Ib) using a large QM model (equivalent to the QM subsystem used for the QM/MM calculation) showed that the distance 
Scheme 1
Helicobacter pylori and Penicillium vitale Catalases A R T I C L E S between the distal His and its closest porphyrin pyrrole increases by 0.2 A from the QM/MM optimized distance (3.88 Å), increasing its deviation with respect to the X-ray structure (3.42-3.45 Å). As a consequence, the oxoferryl bond length is not affected by protonation of the His, unlike what is found in the QM/MM calculations (Tables  3 and 4 ). In addition, we found that the spin density on the distal His of PVC disappears (because of the decrease of the overlap between the imidazole ring of His64 and the porphyrin pyrrole), as well as the contribution of the Tyr351 oxygen (see later and Figure 8 ). Therefore, both the spin density distribution and the structure of PVC obtained with the QM model are qualitatively different from the one obtained using the QM/MM approach. This is in line with the recent QM/MM study of HRP by Derat et al. 32a in which it was found that the protein environment accounts for most of the subtle features of Cpd I.
Results
Crystal Structures of HPC and PVC Treated with Peroxoacetic Acid. Treatment of HPC with peroxoacetic acid causes a change in the absorption spectrum consistent with the generation of Cpd II-like species (Figure 2a ). This happens in the absence of an exogenous one-electron donor commonly used to convert Cpd I into Cpd II. For comparison, treatment of BLC with peroxoacetate produces a spectrum consistent with Cpd I formation (Figure 2c ), and only with the subsequent addition of a one-electron donor, ferrocyanide, does a typical Cpd II spectrum appear (Figure 2c) . The changes to the spectrum of the heme d-containing PVC (Figure 2b ) caused by peroxoacetic acid are unlike those of the heme b-containing enzymes, but were similar to changes previously reported for the heme d-containing catalases from E. coli (HPII) and A. niger which had been interpreted as indicating conversion to Cpd I. 34 Furthermore, the absence of any subsequent spectral change on the addition of ferrocyanide was interpreted as indicating that heme d-containing catalases do not undergo conversion to Cpd II. 34 The distance between the Ow and the proton on the His is given in parenthesis. e The distance between the oxoferryl oxygen and the proton on the His is given in parenthesis. f The distance between the proton on the hydroxoferryl oxygen and nitrogen of the His is given in parenthesis. g FedO‚‚‚H + (His) angle. h An average of the two N-O distances is given for each subunit. a Distances are given in angstrom and angles in degrees. b Values corresponding to the two independent protein subunits. c An average of the four Fe-N distances is given for each subunit. d The distance between the Ow and the proton on the His is given in parenthesis. e The distance between the oxoferryl oxygen and the proton on the His is given in parenthesis. f The distance between the proton on the hydroxoferryl oxygen and nitrogen of the His is given in parenthesis. g FedO‚‚‚H + (His) angle. h An average of the two N-O distances is given for each subunit.
The electron density map of HPC, a small subunit clade 3 catalase, treated with peroxoacetic acid is very similar to that of the native enzyme in defining main-chain and side-chain atoms of 982 amino acids and two heme groups in two subunits. The map shows clear continuity in both subunits over the complete length from Met1 to Lys491, with fourteen residues at the C-terminus predicted from the gene sequence being absent and presumed disordered. There is one significant area of change compared to the native enzyme, a region of continuous density extending from the heme iron in both subunits to a second atom that is best explained by formation of an oxoferryl or hydroxoferryl species (Figure 3a) . Refinement with loose restraints on the iron-oxygen bond resulted in Fe-O bond lengths of 1.80 and 1.85 Å in the two subunits, which is longer than expected for an oxoferryl FedO double bond. However, the distance is similar to the Fe-O bond lengths observed in oxidized MLC, 28 CcP, 22a and KatG. 23 By reducing the occupancy in subsequent rounds of refinement until the B factor of the oxygen became equivalent to that of the iron, the occupancy of the distal oxygen in HPC is estimated to be approximately 60%. This is either due to incomplete reaction or photoreduction back to the native enzyme (as commented in the introduction). The only other obvious changes resulting from the peroxoacetate soaking are the replacement of the single molecule of azide present in the native structure with a molecule of acetate and the oxidation of 4 of 10 methionines (residues 162, 181, 292, and 372) to methionine sulfoxide, in each subunit. One of the oxidized methionines, Met181, is located in the main channel leading to the heme and appears well preserved in catalases, while Met162 is accessible from the channel.
The structure of PVC, a large subunit clade 2 catalase, after treatment with peroxoacetic acid, is also similar to that of the native enzyme 63 but with some revision to take into account the recently reported protein sequence. 64 The present PVC structure defines main-chain and side-chain atoms of 1376 amino acids and 2 heme d groups in two subunits. The map shows clear continuity in both subunits over the complete length from residue 2 to 689. A region of continuous density extends from the heme iron in both subunits to a second atom that is best explained by formation of an oxoferryl or hydroxoferryl species (Figure 3b) . Refinement with loose restraints on the ironoxygen bond resulted in Fe-O bond lengths of 1.72 Å in the two subunits, which is close to the expected distances for an oxoferryl FedO double bond. Another obvious change is the oxidation of methionines 193, 254, 316, 463, and 569 to methionine sulfoxide in each subunit. There are also four acetate molecules introduced into the protein by the peroxoacetate soaking, primarily in the main channel leading to the heme but also one on the proximal side of the heme, and a clearly defined peroxoacetate molecule not far from the oxidized methionine Met193 in the main channel (Figure 4) . The distribution of peroxoacetate and acetate molecules seems to confirm the role of the main channel leading to the heme as the primary access route, although the alternative lateral channel may provide access for the acetate on the proximal side of the heme.
Theoretical Calculations of HPC Intermediates: Optimized Structure and Electronic Properties. The main structural parameters describing the optimized structures of the four species considered, in comparison with the crystal structure data for oxidized HPC, are listed in Table 3 . The structures of the primary oxoferryl porphyrin radical species (Ia), its histidine protonated (Ib), and its oxoferryl protonated (Ic) derivatives as well as the one-electron reduced hydroxoferryl protein radical form (I * ) are shown in Scheme 1. The overall structure of Ia (Figure 5a ) is in reasonable agreement with the crystal structures, except for variations in the iron-axial ligand bond distances. The Fe-O distance (1.68 Å) is shorter than the experimental distances observed in HPC by 0.12 or 0.17 Å, depending on the protein subunit, and the Fe-O Tyr distance (2.14 Å) is 0.19 or 0.22 Å longer than experimental (Table 3) . These values are in agreement with previous calculations on heme models having similar axial ligation. 9-11,31 A single water is hydrogen bonded to His56, Asn129, and the oxoferryl oxygen, as it is found in the experimental structure. Most likely, the network of hydrogenbond interactions connecting the histidine N δ with one heme propionate (through Ser95) makes the His-N atom a very good proton acceptor. As a consequence, the hydrogen-bond distance between His56 and the pocket water is shorter than the distance between the water and the Asn129 residue. Protonation of the distal histidine (Ib) lengthens slightly the FedO bond (from 1.68 to 1.71 Å), but the distance is still much shorter than that observed in the crystal structure (1.80/1.85 Å) suggesting that the oxoferryl structure is not present in the crystal. When the oxoferryl moiety is protonated (Ic), the Fe-O distance increases significantly to 1.78 Å, reflecting the change from a double to a single Fe-O bond. At the same time, the Fe-O Tyr distance decreases from 2.14 to 1.99 Å. Protonation is expected to reinforce this bond because most of the electron density of the Fe atom in the Por •+ -Fe IV dO species Ia and Ib is used in the double bond with the distal oxygen (i.e., the orbital composed of the σ orbitals of O and O Tyr and Fe{dz 2 } is more polarized toward the O atom), reducing the density available for the single Fe-O Tyr bond. Similar changes have previously been observed in calculations of Cpd II, where the Fe-O Tyr distance shortens and the bond gets stronger upon protonation of the oxoferryl moiety. 10 The structure of the one-electron reduced species, I * ( Figure  5b ) is similar to Ic, and the Fe-O distance (1.79 Å) is close to that observed in the crystal (1.80 and 1.85 Å) and clearly longer than an oxoferryl bond (1.68 Å). At the same time, the Fe-O Tyr distance decreases to 2.00 Å, in better agreement with the experimental values (1.95 and 1.92 Å). From the point of view of structure, both Ic and I * are good candidates to be the species present in the crystal structure of oxidized HPC.
The localization of the unpaired electrons of the species Ia, Ib, Ic, and I * was investigated by analyzing their spin-density distributions. The spin density on the porphyrin for a perfect D 4h Fe-porphyrin-O system has been often discussed in terms of originating from a half-filled orbital of A 1u or A 2u symmetry (Figure 6 ). 65 Early calculations of the oxoferryl form of Cpd I of several heme-containing proteins in the gas phase 66 performed on simplified models showed that the spin density has A 2u symmetry. However, in reality Cpd I is not symmetric, with the porphyrin showing a large degree of deformation from planarity ( Figure 3) , and both orbitals are allowed to mix. The spin densities of the oxoferryl species (Ia and Ib) are very similar, being concentrated on FedO and showing a large delocalization on the porphyrin ring, consistent with a porphyrin radical character (Figure 6 ). There is also a small fraction of spin density on the atom that is covalently attached to the proximal ligand (the tyrosinate oxygen) similar to what was observed for P450 Cpd I. 67 The total integrated spin density is 2.1 electrons on FedO and 0.9 electrons on the porphyrin + Tyr. The spatial symmetry of the spin density on the porphyrin reflects a mixture of A 1u (density on R and pyrrole carbon atoms) and A 2u (density on the pyrrole nitrogen and meso carbon atoms), with more weight on the A 2u contribution. It is worth mentioning that a similar situation has been reported for Cpd I of horseradish peroxidase (HRP) using QM/MM calculations, 32a suggesting that the spatial symmetry of the unpaired electrons in Cpd I is not strongly affected by the different axial ligands, a tyrosinate in catalase or histidine in peroxidase. The spin densities of Ib and Ic are similar to Ia but the spatial symmetry of the porphyrin density is more weighted on A 1u than A 2u , resulting in a change in the spin-density distribution on the porphyrin ring if Por •+ -Fe IV dO is protonated. The spin-density distribution of I * (Figure 7b) shows that, as expected, the porphyrin radical disappears and the spin density is fully localized on the Fe-OH moiety, with a small contribution from the tyrosinate oxygen atom.
Theoretical Calculations of PVC Intermediates: Optimized Structure and Electronic Properties. The main structural parameters describing the optimized structures of the four species of PVC considered (Ia, Ib, Ic, and I * ) are compared with the crystal structure data in Table 4 Fe-O bond length is 1.72 Å and the Fe-O Tyr distance of 2.00/ 2.04 Å is slightly shorter than the calculated distances of 2.07 or 2.08 Å (Table 4 ). The single water in the heme pocket is again coordinated between the active site residues His64 and Asn137 as in the experimental structure. The Fe-O distances of the hydroxoferryl forms Ic and I * (1.80 Å) deviate considerably from the experimental value (1.72 Å). Therefore, the crystal structure of oxidized PVC is compatible with the oxoferryl porphyrin form. In general, the active site structures calculated for Ia, Ib, Ic, and I * of PVC are similar to their HPC counterparts, and the small differences are a result of the spirolactone modification and extra hydroxyl group on ring III of heme d in PVC. The modifications result in the C 2D -C 3D bond length in heme d being 0.21 Å longer than in heme b (1.56 compared to 1.35 Å), a result of the change from a C sp 2 -C sp 2 to a C sp 3 -C sp 3 bonding (see Figure 1) . A second difference lies in the orientation of the hydroxyl ligand in the hydroxoferryl forms (Ic and I * ) which for HPC is projected toward the pyrrole ring III and the distal His (Figure 5b ), whereas in PVC it is projected in opposite direction away from the distal His. The spin density in the primary species Ia of PVC is concentrated on the FedO (Figure 8b ) as in HPC, but the third unpaired spin shows a different distribution. It is not only delocalized over the porphyrin but also onto the distal histidine and to a lesser extent onto the O Tyr and phenolate ring of the proximal ligand. Interestingly, the spatial symmetry of the spin density on the porphyrin reflects a mixture of A 1u (density on R and pyrrole carbon atoms) and A 2u (density on the pyrrole nitrogen and meso carbon atoms), but unlike HPC it is more weighted to A 1u . Therefore, the spatial symmetry of the unpaired electrons in Cpd I depends on the type of heme group (heme b in HPC or heme d in PVC).
To analyze whether the spin density is affected by small structural changes in the active site, short molecular dynamics simulations at room temperature were performed, starting from the optimized structures. For HPC-Ia, the shape of the spin density (Figure 7a ) does not change significantly during the dynamics, maintaining the A 2u -like symmetry of the unpaired spin on the porphyrin, whereas the spin density of PVC-Ia fluctuates between the porphyrin and distal His with different weights during the dynamics ( Figure S3 ). In addition, increases in the spin density on the proximal tyrosine are evident in some snapshots of the molecular dynamics. Interactions between the hydroxyl group of the heme d modification and the phenolate ring of the tyrosine residue (O-H···π) are also observed during the dynamics. 68 The spin-density distribution of the Hisprotonated form, Ib, exhibits similar features to those of Ia, but the spin density evident on the histidine in PVC-Ia disappears. Partial protonation of His to produce PVC-Ib results in the main contribution to the spin density being from the porphyrin A 2u orbital, with only small participation of the distal imidazole and the proximal tyrosinate. In summary, our results indicate that while the oxoferryl Cpd I species of HPC has an A 2u -like porphyrin radical, PVC has a porphyrin radical when the active site histidine is protonated (i.e., under the experimental conditions of the X-ray structure), and a "fluctuating" radical is partially delocalized on the distal histidine, the porphyrin and, to a lesser extent, the proximal tyrosine in the absence of histidine protonation (i.e., at higher pH).
Discussion
The structure and electronic configuration of the oxidized heme intermediates, commonly referred to as compounds I and II, formed as part of the catalytic cycle in catalases, peroxidases, and P450 have been the focus of considerable recent interest. [8] [9] [10] [11] [12] [13] [14] [15] 27, 31, 32, 67, 69, 70 Prior to this report, the structures of one oxidized catalase, one oxidized catalase-peroxidase, and two oxidized peroxidase structures had been reported at a resolution sufficiently high to draw conclusions about the oxygen-iron covalent structure (Table 1) . During the soaking of MLC with peroxoacetic acid, the spontaneous transformation of Cpd I was noted by color changes from brown to green to red of the crystal and spectral changes. Moreover a Fe-O bond length of 1.87 Å was observed. 28 This is consistent with reduction of the porphyrin radical by transfer of an electron from the protein resulting in the formation of a protein radical, similar to what was observed in BLC. 18 The formation of protein-based radical intermediate(s) in both MLC and HPC have been also detected by multifrequency EPR spectroscopy. 71 A similar process seems to have occurred in HPC where Fe-O bond lengths of 1.80 and 1.85 Å are observed, as well as in CCP and BpKatG. 22a,23 By contrast, only HRP, 8 and PVC, exhibit short 1.7 and 1.72 Å Fe-O bond lengths after oxidation with peroxoacetic acid. Therefore, the generalization that the presence of a porphyrin radical is associated with a short Fe-O bond whereas migration of the porphyrin radical to the protein leads to protonation and thus lengthening of the Fe-O is supported both experimentally and by QM/MM density functional theory calculations on the HPC and PVC structures. The calculated iron-ligand distance (Tables 3 and 4) for the Por •+ -Fe IV dO models of 1.68 (HPCIa) and 1.69 Å (PVC-Ia) agree only with the PVC-I experimental bond length (1.72 Å). Given the acidic crystallization conditions (pH 5.6 for HPC and pH 5.2 for PVC) and assuming the pK a of the distal histidine is similar to that reported in HRP Cpd I (5.0), 72 partial protonation of the distal histidine is likely. Therefore, because the calculated bond lengths are increased by only 0.01 or 0.02 Å as a result of histidine protonation, species Ib is also a candidate for the crystal structure of PVC.
The calculated Fe-O bond lengths in the oxoferryl protonated form Cpd Ic (Por •+ -Fe IV -OH + ), are 1.78-1.80 Å, very close to the bond lengths in the crystal structure of HPC. However, oxoferryl protonation and accumulation of Ic is unlikely because (i) the low pK a for the oxoferryl group associated with a positively charged porphyrin radical would cause a rapid transfer of the proton from the oxoferryl group to the histidine via the water in the heme pocket, creating species Ib and (ii) there is no signature of porphyrin radical on the UV-vis spectrum of HPC oxidized with PAA. For the Por-Fe IV -OH species, I * , Fe-O bond lengths of 1.79-1.80 Å are calculated, which are similar to, albeit shorter than, the experimental values observed in HPC (1.80 and 1.85 Å) and to the bond lengths observed in similar structures of MLC, CCP, and BpKatG (Table 1) .
A number of explanations are possible for the small discrepancy (0.01 to 0.05 Å) between the Fe-O bond lengths observed in crystal structures and those determined by QM/MM calculations. Experimentally, photoreduction of the Fe-O bond in Cpd I * may have occurred during X-ray exposure. 8, 75 It could also be argued that the experimental distances are affected by a sizable error even for a resolution of 1.7 Å. However, the trends observed in Cpd I structures of heme-proteins (Table 1) clearly show that there are two cases, catalases with Fe-O about 1.70 and those with Fe-O about 1.80. Therefore, we do not expect that the error of the experimental structures could be so large to mask these differences. Alternatively, small deviations in the calculated values can be attributed to two main causes. Because of the anharmonicity of the Fe-O vibrational mode, the values obtained from structure optimization (Tables 3 and 4 ) will shift to slightly longer distances if the dynamics of the Fe-O bond at room temperature are considered. In fact, the Fe-OH distance obtained from first principles MD simulations at room temperature was shown to be 0.02 Å longer than if determined by structure optimization at 0 K. 10 The second source of variability lies in the basis set size, the pseudopotential, and the exchangecorrelation functional employed with test calculations using different cutoff values and iron pseudopotentials suggesting variations in the computed FedO and Fe-O lengths of (0.02 and (0.03, respectively. Taking into consideration these sources of discrepancy, our results support the conclusion that PVC soaked with peroxoacetic acid at pH 5.2 contains predominantly an oxoferryl FedO bond, while HPC oxidized at pH 5.6 contains predominantly a hydroxoferryl Fe-OH bond.
Analysis of the spin-density distributions of the oxoferryl models Ia and Ib in HPC and PVC provides insight into the changes imposed by the presence of different heme types ( Figure  1 ). In HPC, there is spin density on the porphyrin corresponding to one unpaired electron localized on an A 2u -like porphyrin orbital. By contrast, the same unpaired electron in PVC is delocalized over the porphyrin, the imidazole of the distal histidine and, to a lesser extent, the axial phenolate. Moreover, the spatial localization of the unpaired spin of PVC changes in response to thermal fluctuations. The different localization of spin density between HPC-Ia and PVC-Ia can be rationalized in terms of the relative energies of the A 1u and A 2u porphyrin orbitals which are so similar in energy that small structural variations can easily invert their relative positions, as depicted in Figure 9 . In heme d, the formation of the cis-hydroxy-γ-spirolactone results in the loss of one double bond in pyrrole ring III, reducing aromatic character in the porphyrin and affecting mainly the A 1u orbital which has contributions from the pyrrole carbon atoms. As a consequence, the energy of the A 1u orbital increases relative to the A 2u orbital making the "A 1u -like" porphyrin orbital the donor of the second oxidation equivalent during compound I formation. Moreover, the imid-azole of the distal histidine overlaps pyrrole ring IV which carries substantial electron density in the A 1u orbital ( Figure  6 ), leading to mixing of the A 1u orbital with one π imidazole orbital. As a consequence, the oxidation equivalent from the porphyrin of heme d in PVC is removed from a mixed orbital (A 1u -π His ), as reflected in the spin density distribution ( Figure  8b ). Thus, one of the two electrons removed during oxidation of the heme iron is abstracted from the heme either partially from the porphyrin and the histidine in heme d-containing PVC (Figure 8b) or from only the porphyrin in heme b-containing HPC (Figure 7a) . Characterization of compound I in PVC and the closely related HPII of E. coli by EPR spectroscopy is planned to test these predictions.
While the radical in compound I is formed initially on the porphyrin, its subsequent migration into the protein was predicted earlier in EPR studies of BLC, CCP, and KatG. 18,22b,24 Reduction of the porphyrin radical allows polarization and lengthening of Fe IV dO to Fe IV -O -which will rapidly trap a proton to become the hydroxoferryl Fe IV -OH. This is formally a proton-coupled electron-transfer mechanism, common in a wide variety of biological systems, 73 and readily explains why quenching of the porphyrin radical and protein radical formation in catalases and peroxidases also involves lengthening and protonation of the oxoferryl unit. Of the main species resulting from heme oxidation (Figure 10 ), the oxoferryl species Ia is formed first and, in the absence of electron transfer from the protein, either Ia or its protonated variant Ib will accumulate as the classic Cpd I. 72 Species Ic is unlikely in light of the expected low pK a value of the oxoferryl-porphyrin species, 15 and the crystal structure of PVC is consistent with Ia and Ib being the predominant species present. Electron transfer from the protein to reduce the porphyrin radical and form a protein radical creates I * , which is isoelectronic in the oxoferryl heme center with classic Cpd II, the intermediate formed by one electron reduction of Cpd I, but with an associated protein radical.
Clearly, current terminology for oxidized catalases and peroxidases is subject to confusion. For example, the structures of MLC, HPC, CCP, and BpKatG with two oxidation equivalents missing from the protein-heme unit should be called Cpd I or Cpd I * , because calling them Cpd II or Cpd II * equates them with the peroxidase reaction intermediate lacking just one oxidation equivalent in the protein-heme unit. UV-vis absorbance spectra, EPR spectra, and X-ray or NMR structure analysis are all essential for the unambiguous identification of reaction intermediates. In addition, terminology must be chosen that accurately reflects the oxidation state of the complete proteinheme unit, not just the heme, which, as the main chromophore, is the focus of UV-vis studies. As an example, Cpd I (or I * in this study) of CCP, HPC, MLC, and KatG should be described as a hydroxoferryl Por-Fe IV -OH, AA •(+) species, where AA •(+) denotes a protein radical which can be replaced by Trp •+ and/ or Tyr • in the cases of CCP and KatG where EPR studies have identified the site for the radical formation. 22b,23 In this way the presence and location of the two oxidation equivalents, one on the iron and one in the protein, are clearly delineated. Similarly, Cpd I (or Ia and Ib in this study) of HRP and PVC should be described as an oxoferryl Por •+ -Fe IV dO species, where the second oxidation equivalent is clearly situated on the porphyrin. Reference to the structure of oxidized PMC 31 has been avoided thus far because of the low-resolution 2.5 Å and restraints imposed during refinement which preclude a high confidence in the Fe-O bond length. The reported bond length of 1.76 Å for Fe-O is in between those observed in PVC and HPC but clearly, the EPR spectrum of PMC showed the formation of a stable oxoferryl-porphyrin radical species 17 for the pH range of 5 to 7. In light of crystallization of PMC having been carried out at pH 7.5, the distal histidine is most likely unprotonated and species Ia predominates.
Conclusions
The crystal structures of two catalases, HPC and PVC oxidized with peroxoacetic acid to generate an oxoferryl compound I species present different Fe-O bond lengths suggestive of different reaction products. The 1.72 Å ironoxygen coordination length in PVC is close to what is expected 
